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SUBSELENE: A NUCLEAR POWERED MELT TUNNELING CONCEPT FOR
RIGH-SPEED LUNAR SUBSURFACE TRANSPORTATION TUNNELS

J. W, Neudecker, Jr., J. D. Blacic, and J. C. Rowlay
Los Alamos National Laboratory
Los Alamos, NM 87545

Susmary

High-speed luaar surface transportation
bastwecn manned ecientific, commercial, or
logletical facilities will require subsurface
tunonels because humans must be shielded f:rom
Galactic Cosmic Ray and Solar Proton Event
irradiations. We present a concept called
SUBSELENE iu which hest from a nuclear reac-
tor is used to melt rock and form & self-
supporting, glass-lined tunnel weuitadble for
Maglev or other high-spesed transport modes.
We argue that SUBSELENE {s an optimal approach
to forwing transportation tuonels on the Moon
bacause: {1) it uses a high-energy-density,
high-efficiency, nuclear power supply; (2) {t
does not require water or other rare volatiles
for open system wmuck handling or cooling;
(3) it can penetrate through a wmaechanically
varied sequance of rock types without compli-
cated configurational changes; (4) tt forma
its own support etructure as it goes; and
(5) 1t {s highly amenable to unmanned, auto-
msted operation. We outline the R&D needed
to develop a SUBSELENE device and give s cost
estimste basead oo experience with emall-scale,
field=tested, rock-melting penetrators.

Introduction

Current conceptual planning for a perwanant
return to the Moon early iam ‘he next century
{e focused on the establiehment of s lunar
base envisioned 1initially as a wecilentific
outpost but aeventually also as s resource
base fo. a broad husan sdvance into the space
fiontder.! The ecleatific Cfocus 1s likaly
to be {n the arsas of astronoms¢ and plane-
tolo.y’ vith aining and processing facilt-
tiee eutablished for production of oxyun‘.
structural components (a.g., |1u|5). and
radiation ehielding. Thinking about hov all
thie aight aevolve leade us to tha conclusion
that, even though a efngle base might be
established whare human actlvity va the Noon
is concentrated. there will alec be & need
for numerous fimed eub-bases such as launch
fecilities, wmines, processing plants, and
large astronomical telescope arrays, all of
which will need to be physically separated to
avoid mutual interfarence. PFor example, the
dust valsad by exteneive rocket launch or
mfning activities would pose a sertious source
of pollution te sansitive optical instruments
and other sclantific equipment.? Thus, we
eavigfon the avolution of numeros fined
logiacical nodes on the lunar surface that
will require soms furm of rapld, non-polluting
transportstion eyetam for (frequent human
visitation and matericl support.

Several transport concepts readily come to
mind such as rockets, vhealed surface
vehicles, or a vrail system; howvever, few
people realize that all of these concepts
must face a comaon constraint {f human cargoe
ts to be a major item on thelr wmenifestn--
nsmely, eh’'~lding from the radiation saviron-
went on the Moon. The radiation environmeut
on the lunar vurface is harsh. Galactic cos-
wic rays (CCRs} produce a relatively constant
radiation background 1in free space of about
50 rew/yr, consfoting wmainly of high energy
protons but also containing higher atomic
number particles such us fron nuclef that are
particularly damaging to human tissue. Self-
shielding on the lunar aurface rgducn this
dose by about a factor of two,® but GCRs
represant a long-term hazard to people out-
side the shielding provided by the RTarth's
atmosphere and magnetic flald. Ta addition
to the constant GCR background, people on the
lunar surface will ba periodically exposed to
the radfation attendsnt to solar proton events
(solar flares). (hese {interwittent radiation
etorme can produce huge amounts of high energy
protons for short pariods of time (hours to
days) rtepresenting doses of thoirsands of rems
that would be promptly fatal to q;\ unehielded
astronaut on the lunar surface. Effective
wvarning time of these events is estimated to
be no more than 30 =i i1tesB and, thus, they
represent a serious hazard to lunar vorkacs.

On Earth, radifation exposure standards have
been established that require doses of no
mote than 9 rea/yr for "radiation workers,”
and nevly established NASA setandarde for
astronauts propose a lifetime 1tmit of
200 rem. Thus, 1t (s clear that any long
tera human usage of the Moon involving duty
tours of months or years will require exten-
aive use of radiation ehielding and opera-
tional procedures that minfimise exposures to
the rediation environment. How much lhioldlng
ts required? Estimates of 300 g/cmé have
been propoud"' representing I-2 m  of
lunar regolith., Hovever, cuntiautng snelysis
of the problem seems to be in the direction
of lower dosa lf{mits and, for the long dura-
tions associated with a lunar base, we “alfeve
that lunar ragolith shielding equivaluite of
10 m or more are likely to be established.
This leads us to the conclusfon that wost
lunar base factlfitfes that | re used frequently
by humans asuch as living querters, labora-
torles, and logletical nodes wil]l be under-~
ground. Furthermore, fixed transportation
factflitien of the typa discuased abave that
are frequently umed by paople would aleo
logically best be placed underground. Thus,
wve are led to the concluston that subsurface
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trsasportation tunnels featuring Maglev or
other high-speed vehicle technologies will
evolve as an essentis]l requiremant of perwa-
nent husan exploitation of the lunar eanviron-
ment.

How might these tunnels, which would need
to be hundreds or even thousands of kilometers
long, be produced? 0On Earth, tunneling based
on blasting and mechanical tuanel boring
machines are well established technologies.
Consideration of hov to extend these ter-
restrial techniques to the lunar environment
quickly exposes seversl poteantial diffi-
culties. Firet, there 1o the question of the
snergy source needed to produce the tunnels.
Explosives, for example, are a very compact
and  efficient way of storing (chemicsl)
energy that cen be relessed in a controlled
vay o affect rock bresksge nueeded for
tunneling. However, the aenergy needed to
break rock ie only a fraction of the total
anergy requirement for the production of
tuanels. Generally, about equal amounts of
anergy are expended in the tunneling process
for (1) rock fragmentation, (2) rubble removal
or “aucking,” and (3) tunnel support. Ve
discuse .hess threes aspects belov in more
detafl, but it is easy to ees that the latter
tvo aspects, {n particular, will be problems
because of the sperial lunar enviroument.
Eff{cient mucking for unnels on Earth usually
iovolves wome sort or transport flutd such as
air or water for the rock fragments; both of
these volatile fluide are absent oo tha Moon
sad would oeed to be lmported at great ex-~
pensa. DBecause of the extensive history of
fmpact cratering on the Moon, the near asur-
face region is extensively fragmented to pro-
duce & so-called regolith. Tunneling through
this waterisl will require extensive support
of the tuannel wvalls and roof to fraevent
slumping, even in the reduced gravity field
of the Moon. 1t is dif{ffcult to see how to
overcome these special lunar tunnelfing prob-
leme by adapting conventional terrestrial
tunneling taechnology.

Inetead, wve propose a nev tunneling tech-
nology, eubsequantly terwed SUBSLLENE, that
wve belteve f1s particularly well guited to
produciag large transportation tunnele {n the
difficult lunar environment. SUBSELENE (s
concapt based on rock melting to produce self-
supporting tunnels with etrong rock-glass
lininge and wsuck removal without using any
volatile, fwported fluld, We present a brief
diecussion of the baslc concept, point out
soma engineering problema that will need to
be wsolved for fta realizatton, and make &
rough estimate of development and delivery
coits.

Tunneling Technology

Tunneling  technology thas  traditionslly
avolved with the minfng and transportation
{ndustries. Por many years the constructfon
ol tunnels was prissrily a atntng process,

consisting of three distinct phases:
(1) breaking the rock or esofl from {ts
in situ state, (2) resoving the cuttings
(mucking) from the tunnel vicinity, and
(3) providing support for the tunnel opening
to achieve long-term tunnel stability. Until
the uid-twentieth century, the rock breaksge
was accomplished using explosives; the muck-
ing vas accomplished with the aid of fluide
(afr or water); and the support liner was
fabricated from vood, steel, or concreta.

Over the past thirty years, significant
advances have been made in all three phases
of tunneling technology. The rock breraking
has been wechanized by the devalopment of
large-dismeter tunnel boring machinae (TBM).
These machines have rotating cutting heads
that chip the rock awvay and bore & full-
diameter circular hole along the desirad
path. Mucking {s accomplishad by scraping
the cuttings onto & conveyor belt wvhich
carries them to mine cars and thence out of
the tunnel. Since the tunnel 1s bored to
full diameter, there 1s sufficient work space
to erect the required tunnel support eystes,
either steel or concrets, behind the TBM. A
big factor contributing <¢o the laproved
tunneling performance of TEMa over previous
construction methods {s that ths T3as have
etealy, continuous perfuvrmance. Previous to
TBMa, the three phases of cutting, wmucking,
and lining were not carrfed out simultaneously
as they are with YBMg. Currently TBMs ars
capable of boring 7-m-diameter tunnels at
rates of 20 m par day {n wedfum hard rock.

TBM's and other ct.aditional systeme are
very eaquipment dependent and require a con-
siderable labor effort to deploy. An auto-
mated tunnellng esyetew, an obviously wmajor
goal on the Moon, requires gselection of a
system that e findependent of the details of
the rock and soil conditions and types and
can fnclude all three functfons of the
tunnaling eystew. An asdditional {nteresting
aspect of the lunar application is that there
is ar opportunity to fabricate the spofls or
debris 1into useful forms and wminfaige the
nied for waterfals oeupply and etructural
fabricatfon from sources outside the tunnel.
One approuch that mssts Lhewe goals is a_sys-
tem :oncept developed and set forth? to
solve advanced tunneling and excavation prob-
laws on Tarth. This techniqr {involves melt-
fog of the rock and soil, forwing melt-glase
liquide, and processing the debris into useful
forme. A compact, nuclear reactor povered
eystem vith extensive automstfon of control
and opaerstion wvas tarmed & SUBTERRENE;
appliad on the Moon, we term such a systes &
SUBSELENT, 10

Advantages of Subterrene Technology
on the lHoon

The rock melting BUBTE! ' 'NE techuology was
fnvented at Los Alamoa Natfonal Laboratory
for making vertical and hortzontal holes by



J. W. Neudecker, Jr.

SUBSELENE: A NUCLEAR POWERED MELT TUNNELING CONCEPT

3

heating and melting cocks and soils. The
three major facets of excavation—rock
fracturing, debris removal, and soil
stabilization--are accomplished in an {inte-
grated operation. This approach depends on
the fact that rocks have relatively low melt-
ing points, about 1200°C, compared to refrac-
tory metals such as molybderum and tunzsten.
Furthermore, the rock melt that is produced
can be chilled to a glass and formed into a
dense, strong, firmly-attached hole 1lining,
which {s particularly useful when excavating
in fractured or loosely compacted soils or
rocks. The SUBTERRENE technology developed
at Los Alamcs in the early 1970's used rock
melters povered by clectric heaters, but the
thermal powver requirements of a large-diameter
tunneling aachine could best be supplied by a
compact specially-designed nuclear fission
reantor.

The SubitlRENE technology that was developed
at Los Alamos demonstrated many charactaeris-
tics that could be turned to good advantage
for excavation work on the Moon. The lunar
environmental characteristics such as no
stmosphare, low gravity field, lack of free
water and oxygen, and plentiful quantities of
loosely consoltdated soils, are all advan-
tageous to operation of the rock melting
system.

The three wmajor phases of excavation are
still required for lunar excavatfon using the
rock melting princ'ples. The rock cutting
phase is easily accomplished by applying the
hot refractory metal-melting body to the rock
or soil. The melting body turns the rock or
soil into a llquid. Part of the liquid {»
configured {nto the glass lining, while the
remainder s extruded backward out of the
hole and further processed into a variety of
structural bullding materiais. The refractory
wetal-uwelting body should have a very long
sarvice 1ife on the Moon because no water or
oxidation corrosfon will occur., The glass
lining has wore than eulf{icient e'rength to
provide completely adequate structural support
for tha tunnels.

The SUBSELENY rock wme'ter is very insensi-
tive to the type of rock, hard or eoft, denne
or porous, that it encounters. All tend to
turn into liquid welt at approxisately 1200°C
and are processed into dense, strong gluss in
a siuflar manner. A major advantage of the
rock melting technology for lunar tunneling
fo that the removal of spoile does not require
the usa of flulde or gases as does mechanical
tunneling on earth. The melted rock can be
extruded or pumped mechanically and no fluide
or gaves are required to handle the wmelt,
This conetitutes the entire mucking operstion.
In poroue materiale, the rock melting results
in a consolidatfon process aleo. In wany
cases, this consolidation fe a great advantage
fn providing etrong structural support to the
hole.

SUBSELENE Design Concepts and Optiocas

Figure 1 {s a eketch of a proposed 5-m-
dismeter thermal lunar tunneler. On this
SUBSELENE tunneler are 134 individual rock
selting heaters. Each heater requires 3 Mw
of tharmal power, provided by a 1liquid wmetal
heat pipe which 18 connacted to a nuclear
Zission reactor. A smaller, 3I—m-diameter
tunnelar would require approximately 30 of
the 3 Mv heaters. The total thermal power
requirements are approximately 400 Mw for a
5-m~diameter lunar tunneler and 150 Mw for a
ter tunneler. These therwal povers
are based on a very fast advance rate of 80
wn/day. Projection of pover requireasents for
SUBSELENE application. st wore modest tunnel-
ing rates {s relatively straightforvard. The
energy to melt soil and rocks is not sensitive
to large variations in subsurfece conditiom.
Therefore, a direct otatement of tunnel
diameter and productivity (rate of progress
of tunnel construction) gives the required
therwal pover levels. Table I shows these
projections for ) and 5 m tunnels; the opera-
tional values essentially scale linearly with
both dismeter and progress rate.

TABLE 1
THERMAL POWER REQUIREMENTS

Advance rates
n/day 30 50 80

Povar for 5-m-
dismeter tunnel, 150 250 400
Mwt

Powar for J-m-
diameter tunnel, 56 94 150
Mwt

The therval pover for the tunnaiers would
be supplied by suitebly-sized nuclear fisston
reactors, a reactor being positfoned fumedi-
ately bahind the melting head of each tun-
neler. Each reactor could be a basic graphite
cored design, fueled by UO2 dispersed pet-
lets:. Tha reactor core fuel element matrix
would fnclude epaces for finsertion of the
required number of heat pipes. Surrounding
the core will be a bderylltum reflector that
vill fnclude reactivity control elements.
The reactor thermal power will be transaitted
to the rock malting bodies by 1iquid wuetal
heat pipes. Rither lithium ot sodium-potasium
type of heat pipes should be satisfactory.

The control functione of the nuclear resctor
and tle thrusting/gripping functions of the
tunneler, as 'weil as all other asuxilliary
functions will be accomplished by electrical/
vechanical systems powered by conversion of
wvaste heat from the wmain resctor to elec-
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Figure I- Trimetric View of Fropssed Tr rmal
Lunar Tunneler.

tricity- Az alt ate &pprsach tc trle dual
node GPeracisns would be tc provide
nuclear reactor located o.tside tre
asd electrical power dlstritulios ~la sucer-
cohducting Ctranmissicn linas. Hiewever_ Lhe
latter Ls likely tc be ao unnece
caticn since, rs we ipdicate b . there la
80 @uch waste heal assailated witrn a SUBSELENE
thal electrls power 1s likely ts te am 1apsr
tant by=product of 1ts speratisn.

The tnerwal balacce of tne SUBSELENE
interescing probieams 1 heat transmissio
rejeactico- Sioce the lunar 3511 is a very
pcor trermal conductor. most Oof (re trermal
energy 1n <rFe TrITk adeit must evenluailly
carried back out of tre tusnel a=d
by redtatisn. Tre s _queatial tr [} :
tha thermal energy vili pe accomplils=ed by a
liquid wmetal convective locp, MNa-X nbpelng s
candidate. FPigure 2 snces a biock dlagram of
this system, the function that the gretea
accomplishas. and trne tempefatures CLhroyghout
the locp. Thae prysical makes
will iaclude reelabdie
lic pipe. The reeiavle feature fs n
89 that the thermsal Jdletributlisn 8
kgep ui with the advancing lunnele

Regula-
tlon of the optimum tesrerature al each func-~

tlonal block 1s accomplisred by wmeter
brpase Na-K flow at eac™ Dlock. erall hear
rejaction f1s pelf-reg.lated becauss Ulhg heal
rejected by tne radiaction (s propsriionsl t=
the f[ourth psver of (he tesperar Tre
wastle Theat rejeactlic avstea 18 the
limiting &siectl <zar.slling alze .
advau~e rate 3 a SUBSELENE, al:ce we astimale
that al U0 My apoul .ne fillos kilograma =f
Na-K per secoad woyuld need ta B oy 3
the radiarors

~3

Operatlon of tke SUBSELENE 1a carrie! gut!
completeiy remately and autsamaz1 ally. LET1
oysteme are salf-regulating.
power by thermal pover de
by corstant tnruating (orce.
tharmal anergy by the heal pr.es and Na-K
convective locp, etc.

The rock melt output deserves further con-
slderation. The rock melt, whea properly
processed by careful cocling and tempering.
can comprigse che etrong, dense structural
1ining arsund the tunnel opening. The struc—
tarel reiaforcemsent will Se enhancei by the
very fluid melt flowing into and filling up
any crevices in the lunar sofl. The strength
ot tils hign-quality glass exceaeds he
strength of concrete, more than adequate for
sspporting tunnals in the reduced gravita-
tional field of the Mooa. Normally, an exce's
of rock welt over liner needs will be availl-
atle. Tnis excess can be cocled under con-
trolled conditions and forwed (ints ugeful
structural shapes such as bricks and
cylindrical tubes.

Cost estimating of large, Figr-technology
devalspment projects or constructior of civil
stTuCtulfes 1n new, hostlle asvironments 1s a
difficult undertakang Here, we are faced
with bOth asperts at nCce 10 atteapting to
estimate the cost of s SUBSELENE gystem. AL
best, we can only poinf our some aspects of
trhe problem co stimulate discussion. First,
. cas only begin our estimate within tre
context of a lunar tase developament plan,  tke
tlines ~f wh{:n are Just ©o= beginning t

estabitsred.lril  we will need o K
(he n.umber and separation of ba-e trane>srta-
tian rnojes and the quality of any sunporting
tufrastructure. Lacking such detsil, ve guass
trat esomevhare betvean one and five SUBSELENE
tunneling devices will ba needea witr several
trousarde of kilcaerer 1ife capanti™fties.

Next, we estimate that each SUBSELENY device
wiil mass 120,000 ug. ejually divided betrween
the tunneler and U~ <sste heat rejectior
svelem. ang wili have a unit development coat
cf $50M. Tris is baaze' on exparience with
small dismeter rocxk-melt 1irills s=d study of
a cosceptual SUBTERRENE cyrneling lyllll-lz
It 1e hard to be certal» about the development
U, but we guess that our entimate (s with-
ir & factor of five on the hiih alde. Sucr a
Arcas estimate 18 probadbly gaod ensugh sl
Lris point because we judge thal the total
- of uning a SUBSFLENT gygtem 1s likely ts
he domirtated by trke delivery cofl of tne
Lardware tn the lunar surface rather than the

s A s
{ -_)‘ *{\"'l -

TR R

Figure 2. Na-F Heaar Reje-tinn Laop-
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capital cost of the device itaelf.
been the case in most recent nulfn. of
lacge-scale orbital structuresl and
facilities such as luaar basesll or Mars
bases, !4 and s the resson why there s so
much {nterest in using extraterrestrial
resources for rocket propellast (e.g., lunar
oxygen extracted from the regolith silicates
or oxXygeo and fuel frow tha Martias astwo-
sphere). Much of the cost in woving wmaus out
of the near Earth region is the coet of 11ft-
{ng the propellant to low Earth orbit. 1If a
substantial fraction of this propallant caen
be obtained outside the Earth's deap gravity
vell, then substantial transport coet savings
seem possible. The same ressoning can be
used to argus that lunar materials should be
used to construct a por-ion of the tunneling
devices rather thaa 1lf{ft the nass from Zarth.
Trade etudies are needed to find the break-
even point where the cost of local production
1s lass than tha cost of transport from Earth.
It 1e not clear at present vhers that point
uight be for a SUBSELE.” system.

Thie has

In any casa, w est{mate that the bounds
for transporting a single SUBSELENE systes
from Earth to the lunar surface are $155M to
$2,3234 The upper bound is bdased on experi-
ence with the Space Shuttle ($3000/1b13)
and the lover bound on ¢ goal recently
expounded by the National Coamission on Space
($200/1b1l). Thus, our guess for the total
cost of building and placing a SUBSELENE tun-
neling system on the Moon fs $205H to $2,373M.
Clearly, much needs to be done to refine thees
estimates; however, this magnitude of aquip~
ment cnstsg is fclt to be consistent with the
{nfrastructure {nvestment associated with an
extensive lunar subsurface transportation
systea.
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